Abstract Oleoylethanolamide (OEA) may be an endogenous regulator of food intake, and intraperitoneal injection of this compound decreases food intake in 24 h-starved rats (Rodriguez de Fonseca, F., M. Navarro, R. Gómez, L. Escuredo, F. Nava, J. Fu, E. Murillo-Rodríguez, A. Giuffrida, J. LoVerme, S. Gaetani, S. Kathuria, C. Gall, and D. Piomelli.
Obesity is increasing in almost all countries (1, 2) , and there is an increasing demand for pharmaceutical treatment of this lifestyle-associated disease (2, 3) . Decreasing nutrient absorption, inhibition of appetite, and increasing thermogenesis are being considered as possible pharmacological methods of treatment. All of them have their drawbacks. Decreasing nutrient absorption (e.g., inducing fat malabsorption) may cause gastrointestinal discomfort. Inhibition of appetite is usually expected to involve actions on brain structures, thus leading to problems of brain targeting and contamination of other tissues. Increasing thermogenesis may also have serious side effects. Thus, a naturally occurring, orally active compound that will decrease appetite via a direct and local pharmacological/physiological effect on the intestine is a desirable drug candidate.
Oleoylethanolamide (OEA) is an endogenous molecule (4-6) that inhibits food intake in starved rats upon intraperitoneal injection, probably via the activation of peroxisome proliferator-activated receptor ␣ (7) on local intestinal sensory fibers (8) . As a result, OEA also causes a decrease in body mass gain in rats (8) . However, OEA is not expected to be orally active, because of putative excessive catabolism in the gastrointestinal tract (http:// www.newu.uci.edu/archive/2001-2002/fall/011112/sctech. htm), where a high level of the enzyme fatty acid amide hydrolase (FAAH) is found. Here, we show that an oral dose of 10 mg/kg OEA to 24 h-starved rats is nearly as potent as intraperitoneally injected drug. This dose results in an 11-fold increase of the endogenous intestinal levels of OEA.
METHODS
Animal experiments were approved by The Animal Experimentation Inspectorate, The Danish Ministry of Justice. Male Wistar rats (Taconic M and B, Ry, Denmark) ‫ف‬ 10 weeks of age (251 Ϯ 10 g, mean Ϯ SD, n ϭ 79) were housed individually in metabolic cages in a temperature-and light-controlled stable (21 Ϯ 1 Њ C, 12 h light/dark cycle) for 4 days before the start of the experiment. Water and standard rat chow pellets (Formulation 1314; Brogaarden, Gentofte, Denmark) were pulverized and available ad libitum. On the fourth day of adaptation, food was withdrawn and rats were fasted for 24 h with free access to water. Compounds and vehicle were injected intraperitoneally or given orally for 15 and 30 min, respectively, before food was introduced. The effect of intraperitoneally administered OEA on food intake was recorded at 60 and 120 min after food presentation, and the effect of orally administered OEA was recorded at 30, 90, and 150 min after food presentation. In addition, the effects of orally administered oleate and ethanolamine on food intake were examined. Rats were given doses of oleate or ethanola-
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mine on an equimolar basis comparable to 10 mg of OEA per kilogram of rat. Food was introduced at 30 min after oral administration followed by measurement of food intake 30 and 90 min later.
OEA (Sigma Aldrich Corp., St. Louis, MO) was dissolved in dimethyl sulfoxide, 0.7 ml/kg rat for injections. OEA, oleate, and ethanolamine were dissolved in 1% carboxymethylcellulose (Unichem, Copenhagen, Denmark) in 0.9% saline, 3 ml/kg rat for gavage administration. Control rats received vehicles.
Four rats were used for studying the catabolism of [ 3 H]OEA (10 mg/kg) in the gastrointestinal tract. Rats were killed at 120 min after administration of [ 3 H]OEA (90 min after food presentation), and stomachs with contents, intestinal contents, and intestinal tissue of each rat were collected separately. Samples were then homogenized (Ultra-Turrax T25; IKA Labortechnik, Staufen, Germany) and extracted with 20 vol of chloroformmethanol (2:1) per gram of sample. Statistical analyses were conducted using Student's t -test or ANOVA followed by Tukey's honestly significant difference test. Statistical significance was defined as P Ͻ 0.05.
RESULTS AND DISCUSSION
Reproduction of the results of Rodriguez de Fonseca et al. (8) using the same experimental setup with intraperitoneal injections of 5 mg/kg OEA resulted in a significant reduction of food intake. After the first 60 min of food availability, food intake was reduced to 72.0 Ϯ 4.5% (mean Ϯ SEM, n ϭ 8) of control values ( P ϭ 0.001) compared with ‫ف‬ 40 Ϯ 8% in the previous study (8) .
Next, we gave varying doses of OEA (1, 10, and 100 mg/ kg) orally at 30 min before food presentation to 24 h-starved rats and measured food intake at 30, 90, and 150 min. There was a significant dose-dependent effect of OEA at 90 min ( Fig. 1 ; ANOVA, P ϭ 0.03). According to Rodriguez de Fonseca et al. (8) , OEA may act locally on sensory fibers in the intestine. Thus, we speculated on how much of the oral dose would arrive intact at the presumed target (i.e., the intestinal tissue). To clarify this, 3 Hlabeled OEA (10 mg/kg, n ϭ 4) was administered orally followed by isolation of stomach with contents, intestinal contents, and intestinal tissue. The amount of intact [ 3 H]OEA and 3 H-labeled material (i.e., catabolized OEA) in the three samples was analyzed. The ratio of intact OEA to catabolized OEA decreased from the stomach with contents to the intestinal lumen to the intestinal tissue, indicating progressively more catabolism of OEA ( Fig. 2 ) .
Only 0.48 Ϯ 0.13% (mean Ϯ SEM, n ϭ 4) of the oral dose of OEA was found as intact OEA in the intestinal tissue at 90 min after food presentation. In spite of this excessive Fig. 1 . Oleoylethanolamide (OEA) decreases food intake dose dependently upon oral administration. Twenty-four hour-starved rats were administered varying doses of OEA at 30 min before food presentation, and food intake was recorded at 90 min thereafter. Values (means Ϯ SEM) are presented as percentages of control (100% ϭ 6.4 Ϯ 0.9 g, n ϭ 12), and the number of rats administered 1, 10, and 100 mg/kg were eight, seven, and four, respectively. * P Ͻ 0.01 (Student's t-test). # P Ͻ 0.05 (post hoc ANOVA and Tukey's honestly significant difference test). catabolism, [ 3 H]OEA amounted to 3.91 Ϯ 0.98 nmol/g (mean Ϯ SEM, n ϭ 4) in the intestinal tissue, which is 11 times higher than the endogenous level of 0.354 nmol/g (8) . Thus, it is conceivable that this high tissue level, originating from the oral intake of 10 mg/kg OEA, caused the observed decrease in food intake. In free-feeding rats, injections of OEA have been demonstrated to delay feeding onset (12) , and this effect also may occur in response to oral administration. It is very likely that oral OEA, after its intestinal action, is catabolized by the enzyme FAAH (13) (14) (15) to oleate and ethanolamine. These degradation products could cause a decrease in food intake. However, we also tested the effect of oral ethanolamine (1.88 mg/kg ϭ 30.72 mol/kg) and oleate (8.68 mg/kg ϭ 30.72 mol/ kg) separately and found no effect on food intake, with 131.6 Ϯ 26.8% (mean Ϯ SEM, n ϭ 4, P ϭ 0.30) and 94.7 Ϯ 9.2% (mean Ϯ SEM, n ϭ 12, P ϭ 0.62), respectively, of the amount measured in control rats (n ϭ 4, n ϭ 12). Also, rat and human studies investigating the appetite-regulating effect of oleate suggest that the dose of oleate needed to elicit a hypophagic effect may be several times higher than the dose we used (16, 17) .
From a pharmacological point of view, the conversion of OEA to oleate and ethanolamine, two nontoxic, naturally occurring dietary compounds, is highly desirable because the degradation products of oral OEA are expected to cause low side effects. Although dietary changes and physical activity are preferred for the prevention of obesity, safe and effective pharmacological treatment of obese people is still needed. Our findings demonstrate that OEA is functional in reducing food intake upon oral administration in rats. The observation that this simple and naturally occurring compound holds potential for oral use could be greatly advantageous in the further development of an antiobesity medicine.
